Abstract: Luteolin, a flavone, has been shown to exhibit anticancer properties. Here, we investigated whether luteolin affects epithelial-mesenchymal transition (EMT) and invasiveness of pancreatic cancer cell lines and their underlying mechanism. Pancreatic cancer cell lines PANC-1 and SW1990 were used in our study, and their EMT characters, matrix metalloproteinase (MMP) expression level, invasiveness, and signal transducer and activator of transcription 3 (STAT3) activity were determined after luteolin treatment. We also treated pancreatic cancer cells with interleukin-6 (IL-6) to see whether IL-6-induced activation of STAT3, EMT, and MMP secretion was affected by luteolin. We found that luteolin inhibits EMT and MMP2, MMP7, and MMP9 expression in a dose-dependent manner, similar to STAT3 signaling. Through Transwell assay, we found that invasiveness of pancreatic cancer cells was inhibited by luteolin. EMT characters and MMP secretion increase with STAT3 activity after IL-6 treatment and these effects, caused by IL-6, were inhibited by luteolin. We concluded that luteolin inhibits invasiveness of pancreatic cancer cells, and we speculated that luteolin inhibits EMT and MMP secretion likely through deactivation of STAT3 signaling. Luteolin has potential antitumor effects and merits further investigation.
Introduction
Flavonoids are polyphenolic compounds that are extensively found in food plants. 1, 2 They have been proven to be the effective constituents of many plants and herbs used in traditional Chinese medicine and have preventive and therapeutic effects against some diseases.
3 Luteolin, a flavone widely found in many food plants and herbs, has been identified as one of the most potent flavonoids in vitro and in vivo. 4, 5 With many biological activities and therapeutic effects, including anti-inflammatory, proapoptosis, and reverse antineoplastic drug resistance, luteolin demonstrates a potential for treatment of inflammatory and neoplastic diseases. [6] [7] [8] [9] [10] A variety of effects, such as proapoptosis and cell cycle arrest, matrix metalloproteinase (MMP) suppression, and angiogenesis inhibition, have been uncovered as means of luteolin anticancer activities in vivo and in vitro. 9, [11] [12] [13] In our study, we aimed at revealing luteolin's effect on inhibiting epithelial-mesenchymal transition (EMT) and on the invasiveness of pancreatic cancer, and their relationships with dephosphorylation of signal transducer and submit your manuscript | www.dovepress.com
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EMT can be isolated during embryonic development, chronic inflammation, and cancer metastasis; it is a biologic process in which epithelial cells transform into special cells with mesenchymal phenotypes. The hallmark of EMT is changes in the expression of adhesion molecules, ie, upregulation of N-cadherin and the downregulation of E-cadherin. 14, 15 Many other biomarkers also change during the EMT process, for example, upregulation of ZEB1 and upregulation of vimentin. 16, 17 EMT markers are predictive for increased invasion, loss of differentiated characteristics, metastasis, and poor prognosis in a number of human tumor types. 18 MMP is an enzyme family whose substrates are various kinds of extracellular matrix protein components. MMPs promote cancer cell migration by degrading the extracellular matrix, and they show a close relationship with tumor invasiveness and metastasis in pancreatic cancer. 19, 20 Among more than 20 types of MMPs, MMP-2, MMP7, and MMP-9 have been proven to be involved in the aggressiveness of pancreatic cancer. [20] [21] [22] Although its mechanism has not been fully clarified, stimulation with interleukin-6 (IL-6) has been confirmed as a process to induce EMT. 23, 24 Some evidence shows that STAT3 is involved in the induction of EMT by IL-6. 25 In our research, we used IL-6 to activate STAT3, increase MMP secretion, and induce changes in EMT biomarkers to see whether luteolin reverses IL-6-induced EMT and inhibits IL-6-induced MMP secretion.
STAT3, a protein that is encoded by a gene located on chromosome 17, is phosphorylated by receptor-associated kinase and then forms homo-or heterodimers that translocate to the nucleus, where they function as transcriptional factors. STAT3 is activated by a variety of cytokines, growth factors, and hormones, such as leukemia inhibitory factor, IL-10, and so far the most important of all, IL-6. 26, 27 After being activated, STAT3 mediates the expression of a variety of genes, among which many are associated with cellular proliferation, apoptosis, and malignant transformation. 28, 29 Furthermore, it has been confirmed that STAT3 plays a critical role in K-ras-dependent pancreatic carcinogenesis. 20, 30, 31 Therefore, STAT3 and its associated pathways are thought to be increasingly important in cancer research and as potential factors in clinical cancer treatment.
In our study, we investigated luteolin's effects on invasiveness of pancreatic cancer cells. We also sought to confirm that luteolin reverses IL-6-induced EMT and MMP secretion.
And, we speculated that luteolin inhibits EMT and MMP secretion likely through deactivation of STAT3 signaling.
Materials and methods
The ethics were reviewed and approved by the board of Wenzhou Medical University. PANC-1 and SW1990 human pancreatic cancer cell lines were purchased from the Institute of Biochemistry and Cell Biology, the Chinese Academy of Science (Shanghai, People's Republic of China). Fetal bovine serum (FBS) was purchased from Sigma Chemical (St Louis, MO, USA). Roswell Park Memorial Institute (RPMI)-1640, Dulbecco's Modified Eagle's Medium (DMEM), and trypsin were purchased from GIBCO (Grand Island, NY, USA). Polymerase chain reaction (PCR) primers were purchased from Generay Biotech (Shanghai, People's Republic of China). Anti-phospho-STAT3 (Tyr705), anti-STAT3, anti-E-Cadherin, anti-N-Cadherin, anti-Vimentin, anti-Snail, anti-ZEB1/TCF8, anti-MMP2, and anti-MMP9 antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-GAPDH-antibody was purchased from Bioworld Technology (St Louis Park, MN, USA). Anti-MMP7 antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Luteolin was purchased from MUST Bio-Technology (Chengdu, People's Republic of China). Power SYBR Green PCR Master Mix was purchased from Applied Biosystems (Foster City, CA, USA) and a RevertAid First Strand cDNA Synthesis Kit was purchased from Toyobo Co., Ltd. (Osaka, Japan).
Luteolin was dissolved in dimethylsulfoxide (DMSO) at a concentration of 100 mM and then added to the medium at the indicated concentrations to limit the DMSO concentration below 0.1%. Primary antibodies were diluted in primary antibody dilution buffer (Solarbio, Beijing, People's Republic of China) according to the instructions. Primers were dissolved in diethylpyrocarbonate water at the indicated concentration.
cell culture
Human pancreatic cancer cell line PANC-1 was cultured in DMEM, and human pancreatic cancer cell line SW1990 was cultured in RPMI-1640 medium. Both media contained 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were cultured at 37°C with 5% CO 2 . Medium was changed every 2 days and cells were detached with 0.25% trypsin-0.02% ethylenediaminetetraacetic acid. 
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luteolin inhibits eMT and invasiveness of pancreatic cancer they were lysed for protein and RNA extraction or detached for Transwell invasion assay. IL-6 was added to FBS-free medium at a concentration of 100 ng/mL 72 hours before lysis or detachment; FBS-free medium was changed every 24 hours. Luteolin was added 24 hours before lysis or detachment at indicated concentrations.
cell viability detection by cell counting Kit 8 assay PANC-1 and SW1990 cells were plated into 96-well plates with each well containing approximately 5,000 cells. After 24 hours incubation, medium was changed and FBS-free medium with different concentration of luteolin was added into each well. Twenty-four hours later, medium containing luteolin was discarded and 100 μL FBS-free medium containing 10 μL Cell Counting Kit 8 (CCK8; Dojindo, Kumamoto, Japan) was added into each well. Then the cells were incubated for another 2 hours and absorbance at 490 nm of each well was detected by an enzyme-linked immunosorbent assay reader (BioTek, Winooski, VT, USA) according to the manufacturer's instructions. Cell viability was expressed as fold change of absorbance at 490 nm.
Transwell invasion assay and cell counting
Invasiveness of PANC-1 and SW1990 cells was investigated using 24-well BioCoat cell culture inserts (BD Biosciences, Franklin Lake, NJ, USA) with an 8 μm porosity polyethylene terephthalate membrane coated with Matrigel Basement Membrane Matrix (Corning, Franklin Lake, NJ, USA). The lower compartment contained RPMI-1640 (for SW1990) or DMEM (for PANC-1) with 10% FBS as a chemoattractant. After cell treatment, 10 5 cells in 0.2 mL FBS-free medium with 0.2% bovine serum albumin were placed in the upper compartment and incubated for 24 hours. After incubation, cells on the upper surface of the filter were gently scraped off; the filters were washed with phosphate-buffered saline (PBS) thrice and then fixed with 4% paraformaldehyde for 20 minutes. Subsequently, cells were stained with crystal violet. Cells that penetrated through the Matrigel to the lower surface of the filter were counted under a microscope.
Western blotting analysis
After treatment, cells were lysed by radioimmunoprecipitation assay lysis buffer with 10% phosphatase inhibitor and 1% phenylmethylsulfonyl fluoride for 30 minutes. Then, total protein lysate was centrifuged and the supernatant was collected. The protein concentration of each group of supernatant was measured. Fifty micrograms of total protein for each group was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a 10% polyacrylamide gel. The separated protein on the gel was electrophoretically transferred to a polyvinyl difluoride membrane, which then was blocked with 5% skim milk in tris-buffered saline (10 mmol/L Tris-HCl, pH 8.0, containing 150 mmol/L NaCl and 0.1% Tween-20) for 1.5 hours at room temperature, followed by incubation with the primary antibodies against STAT3 (1:2,000), phospho-STAT3 (Tyr705; 1:1,000), E-cadherin (1:1,000), N-cadherin (1:1,000), vimentin (1:1,000), Snail (1:1,000), ZEB1 (1:1,000), MMP2 (1:1,000), MMP7 (1:200), MMP9 (1:1,000), and GAPDH (1:5,000) at 4°C overnight. After washing, the membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody to detect bands using Amersham™ ECL™ Prime (GE Healthcare, Little Chalfont, UK). The densities of the specific protein bands were visualized and captured by ImageQuant™ 400 (GE Healthcare).
rna extraction and real-time Pcr
Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. cDNA was synthesized using 1 μg of total RNA in a 20 μL final volume by reverse transcription with oligo-dT(18)-primers. Real-time PCR (RT-PCR) reactions were performed using SYBR-Green Master Mix kit according to the manufacturer's instructions (Applied Biosystems). The RNA of STAT3, CDH1 (E-cadherin), CDH2 (N-cadherin), vimentin, ZEB1, Snail, MMP2, MMP7, and MMP9 was amplified using ABI Prism 7500 Sequence Detection System (Applied Biosystems). GAPDH was amplified as an internal standard. Primer sequences are listed in Table 1 .
Immunofluorescence microscopy
Pancreatic cancer cell lines PANC-1 and SW1990 were plated onto six-well plates containing glass coverslips and allowed to adhere for 24 hours. Following cell treatment, cells were washed thrice with PBS and then fixed in 4% formaldehyde for 20 minutes. Fixed cells were then permeabilized in 0.2% Triton X-100, washed with PBS, and blocked with 5% goat serum for 1 hour at room temperature. Then, the samples were incubated with anti-E-cadherin antibody for 24 hours at 4°C, followed by incubation with a secondary antibody conjugated with Alexa Fluor 488 (ThermoFisher Scientific, Waltham, MA, USA) and DAPI to detect E-cadherin and cell nuclei. The coverslips were mounted with mounting media on microscope slides and the images visualized by 
statistical analysis
Data are expressed as mean values ± standard deviation. Comparisons among multiple groups were made with a oneway analysis of variance followed by least significant difference or Dunnett's t-test. A value of P,0.05 was considered to be statistically significant.
Results
luteolin decreases cell viability and inhibits eMT in Panc-1 and sW1990 cell lines in a dose-dependent manner
At the beginning of our study, we performed CCK8 assay to see whether luteolin affects cell viability of PANC-1 and SW1990 cells. Both cell lines were treated with luteolin at concentration of 0, 20, 40, 80, 160, and 320 μM for 24 hours. Then, CCK8 assay was performed to detect cell viability. We found that cell viability did not decrease significantly at concentrations of 20 and 40 μM. When the concentration reached 80 and 160 μM, cell viability decreased significantly. But compared with the 0 μM group, both cell lines had more than 75% relative cell viability at the concentration of 160 μM. When luteolin concentration reached 320 μM, cell viability of both cell lines decreased drastically ( Figure 1A) .
According to the results of cell viability assay, 0, 20, 40, 80, and 160 μM of luteolin concentrations were chosen for further study. To avoid massive cell death, the concentration of 320 μM was not used. To investigate whether luteolin affects EMT characters of normal PANC-1 and SW1990 cells, we treated both cell lines with luteolin under concentrations of 0, 20, 40, 80, and 160 μM for 24 hours. An immunofluorescence assay was then performed to determine the cellular protein level of E-cadherin. With increasing luteolin concentration, E-cadherin expression increased accordingly ( Figure 1B) .
To more rigorously verify the effect of luteolin, RT-PCR was performed to determine the cellular messenger RNA (mRNA) levels of CDH1 (E-cadherin), CDH2 (N-cadherin), vimentin, ZEB1, and Snail. After 24 hours of luteolin treatment, both PANC-1 and SW1990 cells showed increased mRNA expression of CDH1 and decreased expression of CDH2, vimentin, ZEB1, and Snail in a dose-dependent manner ( Figure 1C and D) .
We also performed Western blotting assays to determine the protein level of EMT markers. In agreement with the results of RT-PCR, Western blotting assay showed that luteolin increased the protein level of E-cadherin and decreased N-cadherin, vimentin, Snail, and ZEB1 in a dose-dependent manner ( Figure 1E ). luteolin inhibits MMP secretion and pancreatic cancer cell invasiveness in a dose-dependent manner Since MMPs have a close relationship with EMT, we next investigated whether luteolin could also inhibit MMP expression as mesenchymal markers. We treated PANC-1 and SW1990 cells with luteolin at concentrations of 0, 20, 40, 80, and 160 μM for 24 hours. After cell treatment, Western blotting and PCR assays were performed to determine protein and RNA levels of MMP2, MMP7, and MMP9. As expected, with increasing luteolin concentration, protein and RNA levels of MMP2, MMP7, and MMP9 decreased accordingly (Figure 2A-C) .
As MMPs promote cancer cell invasion by degrading the extracellular matrix, we then measured the invasiveness of cancer cells after luteolin treatment with 24-well BioCoat cell culture inserts with an 8 μm porosity polyethylene terephthalate membrane. After Transwell assay, we randomly took 
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luteolin inhibits eMT and invasiveness of pancreatic cancer pictures of three fields of each filter, and each field was equally divided into nine pictures. For every field, three pictures were randomly chosen and so for every filter nine pictures were used for cell counting. Average cell number per picture represents the invasiveness of cancer cells. In general, results of Transwell invasiveness assay accorded with MMP expression level, and luteolin showed inhibition against pancreatic cancer cell invasiveness ( Figure 2D and E).
luteolin deactivates p-sTaT3 and inhibits the transcription of sTaT3
Next, we determined the STAT3 activity of PANC-1 and SW1990 cells after luteolin treatment. By Western blotting assay, phosphorylated STAT3 (p-STAT3) level was determined after different concentrations of luteolin exposure. We observed luteolin powerfully deactivating p-STAT3 as p-STAT3 decreased much more dramatically than EMT-related makers and MMPs with increase of luteolin concentration. And, when concentrations of luteolin reached 80 μM, p-STAT3 could almost not be detected on both cell types ( Figure 3A) .
During the process of STAT3 activity analysis, we also found that luteolin could downregulate the total amount of STAT3 in a dose-dependent manner. After verification by Western blotting assays, we performed PCR assays, and both results were in agreement ( Figure 3A and B) .
luteolin reverses il-6-induced eMT of Panc-1 and sW1990 cell lines IL-6 has been confirmed as a cytokine that can induce EMT and promote pancreatic cancer cell invasion by activation of STAT3 signaling. 23, 24 Since STAT3 activity was inhibited by luteolin in a dose-dependent manner, we sought to investigate whether luteolin could reverse IL-6-induced EMT of pancreatic cancer cells. PANC-1 and SW1990 cells were treated with IL-6 at a concentration of 100 ng/mL for 72 hours and in the last 24 hours, luteolin was added to the FBS-free medium to reach a concentration of 80 μM. We performed PCR assay to determine the change of CDH1 (E-cadherin), CDH2 (N-cadherin), Snail, vimentin, and ZEB1. CDH1 decreased after IL-6 treatment and the four mesenchymal biomarkers increased. Changes in these five EMT-related markers indicated mesenchymal transition of pancreatic cancer cells. But, this effect was inhibited by luteolin. When cells were cotreated with IL-6 and luteolin, IL-6-induced changes of EMT-related markers were effectively inhibited by luteolin (Figure 4A and B) .
Then, we performed Western blotting assay, and the results were generally consistent with PCR assay ( Figure 4C ). We also observed that, morphologically, IL-6 caused a mesenchymal transformation in pancreatic cancer cells and that this transformation was reversed by luteolin ( Figure 4D ). All of these evidence confirmed that luteolin could reverse IL-6-induced EMT of pancreatic cancer cells.
luteolin inhibits il-6-induced MMP secretion of Panc-1 and sW1990 cell lines cells. Cells were treated as mentioned above. Western blotting and PCR assays were performed to determine MMP2, MMP7, and MMP9 levels. MMPs increased when treated with only IL-6 and decreased when treated with only luteolin. Moreover, luteolin effectively inhibited IL-6-induced increase of MMPs ( Figure 5A-C) . So, we concluded that luteolin inhibits IL-6-induced MMP secretion of PANC-1 and SW1990 cell lines.
When performing Western blotting assay, we also found that IL-6-induced STAT3 activation was effectively inhibited by luteolin. P-STAT3 showed the same variation trend as mesenchymal markers and MMPs (Figures 4C and 5A) . As p-STAT3 is inhibited by luteolin effectively, we speculated that luteolin inhibits EMT and MMP secretion likely through deactivation of STAT3 signaling. But this speculation needs further study to be confirmed.
Discussion
Pancreatic cancer is perceived as one of the most invasive tumor diseases with disastrous prognoses. Surgery is considered the only method for radical treatment, but most patients have missed the opportunity for surgery by the time of diagnosis. Various biomarkers, indicating a poor prognosis have been found, such as SMAD4 gene mutations, K-ras gene mutations, and upregulation of CA19-9. [32] [33] [34] However, little can be done with these indications. The prognosis has not been improved significantly despite emerging chemotherapy, radiotherapy, and biotherapy treatments. It has been reported that luteolin has the potential to be a new therapeutic agent for pancreatic cancer. Johnson et al 35 reported that combined treatment of luteolin and gemcitabine promoted apoptotic cell death in pancreatic tumor cells in vivo through inhibition of the K-ras/GSK-3β/NF-κB signaling pathway. Cai et al 36 reported that luteolin inhibits vascular endothelial growth factor secretion and angiogenesis of pancreatic cancer. Besides, luteolin has also been reported to promote apoptosis of pancreatic cancer cells by blocking epithelial growth factor receptor tyrosine kinase. 37 Here we found that luteolin decreased invasiveness of pancreatic cancer cell and further confirmed luteolin's potential to be a new therapeutic agent 
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luteolin inhibits eMT and invasiveness of pancreatic cancer for pancreatic cancer. More than ten types of pancreatic cancer cell lines with various degrees of differentiation and invasiveness have been obtained from clinical patients, and some of them show EMT characteristics, which are downregulations of epithelial biomarkers and up-regulations of mesenchymal biomarkers. For instance, the PANC-1 cell line, which was used in our study, has been shown to have decreased expression of E-cadherin and a five-fold greater invasiveness than BxPC-3 cell line. 38, 39 In our study, we found that both PANC-1 and SW1990 cell lines expressed high levels of Snail and vimentin, which are mesenchymal markers. Therefore, we hypothesized that luteolin, which has shown antineoplastic activity in previous studies, 9,11-13 could inhibit their expression and reverse EMT. The results agreed with our expectations that luteolin indeed inhibited EMT in pancreatic cancer cells. Previous studies have demonstrated that changes in EMT are often accompanied by increased expression of MMPs. 40, 41 We therefore determined MMP2, MMP7, and MMP9 level after luteolin treatment and found that luteolin also effectively inhibited the expression of MMPs. By degrading extracellular matrix, MMPs make cancer cell migration possible. 42, 43 So, we performed an in vitro Transwell invasiveness assay to established luteolin's inhibition on cancer cell invasiveness.
In our study, we observed that in PANC-1 and SW1990 cells, stimulation with IL-6 for 24 hours failed to cause significant EMT, either morphologically or in the results of Western blotting. As far as we know, IL-6 stimulation for 24 hours at a concentration of 100 ng/mL has been used successfully in a variety of cancer cells to induce EMT. 24, 25 With an alteration from previous protocols, we finally succeeded in inducing EMT by stimulating with IL-6 for 72 hours in FBS-free medium. We inferred it was due to the high-level cell-autonomous phosphorylation of STAT3 in the two cell lines. As IL-6 works mainly through the JAK2/STAT3 pathway, high-level cell-autonomous phosphorylation of STAT3 may make exogenic IL-6 less decisive. STAT3 is becoming an increasingly important target for cancer treatment. As a powerful inhibitor of STAT3 signaling, luteolin has been uncovered to have the functions of antiproliferation, proapoptosis, and inhibition of metastasis. [8] [9] [10] [11] [12] Though it has not been proven to be a classic pathway interacting with EMT, STAT3 was shown to contribute to EMT through comprehensive alterations of transcription factors such as ZEB1. 44, 45 Recently, Gujral et al 46 found that, in multiple Wnt5-Fzd2-expressing tumor cells, an unconventional mechanism of STAT3 activation drives EMT, cellular migration, and invasion. Some agents show potential against EMT in cancer cells by deactivating STAT3. 47 In our study, we observed that dephosphorylation of STAT3 was accompanied by the upregulation of E-cadherin and downregulation of mesenchymal biomarkers and MMPs. It was suggested that luteolin inhibits EMT and invasiveness of pancreatic cancer cell, at least partly, by deactivation of STAT3 signaling.
Various in vivo and in vitro studies have revealed that IL-6 contributes crucially to pancreatic cancer initiation and progression through the activation of STAT3. 48 In a mouse model with the mutant Kras gene, STAT3 signaling activated by IL-6 promotes pancreatic cancer cell metastasis and mediates pancreatic ductal adenocarcinoma development. 20, 48 We can therefore expect that, by targeting STAT3 activation, luteolin can not only inhibit pancreatic cancer cell invasiveness in vitro, but also stop Kras-induced pancreatic ductal adenocarcinoma formation. Besides, luteolin may have potential clinical applications in combination with conventional biotherapies. Type I interferons (IFNs) play a role in the immunotherapy of pancreatic cancer, but its clinical use is limited partly because of activation of JAK2/STAT3 pathway. 49 It has been reported that combined application of IFN and STAT3 antagonist effectively inhibits pancreatic cancer cell proliferation. 50 We may expect that the same effect could be achieved with the combined use of IFN and luteolin.
Conclusion
Our findings suggested that luteolin was an effective STAT3 signaling inhibitor with antineoplastic potential. Our results provide an important insight for understanding the mechanism of the anticancer effect of luteolin. Because of the importance of STAT3 in tumorigenesis, luteolin may play an important role in antitumor strategies in the future.
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